The effect of temperature on length of time for digestion of bacteria was evaluated, by using fluorescently labeled bacteria (FLB), for phagotrophic flagellates and ciliates isolated from coastal northwest Mediterranean waters. Accumulation of FLB in protozoan food vacuoles was followed until a plateau of FLB per cell occurred; then after a 1:10 dilution of FLB with unlabeled bacteria, disappearance of FLB in food vacuoles was monitored. For both 3-to 5-,um flagellates and 10-to 40-p.m ciliates, the absolute linear slopes of FLB uptake and disappearance were nearly identical in individual experiments over a temperature range of 12 to 22°C. We inferred from these results that the leveling off of the uptake curves resulted when equilibrium between ingestion and digestion of bacteria was attained. The time to leveling off then represented the average time needed for complete digestion of the bacteria ingested at the start of the experiment, and the inverse of this time represented a bacterial digestion rate. The digestion rate increased exponentially from 12 to 22°C for both a mixed flagellate assemblage and the oligotrichous ciliate Strombidium sulcatum, with a Qlo of 2.8 for the flagellates and 2.0 for the ciliate. Although bacterial ingestion rates varied greatly, depending on protozoan cell size, total bacterial abundance, and temperature, digestion times appeared to be significantly influenced only by protozoan cell size (or type of protozoan) and by temperature.
The effect of temperature on length of time for digestion of bacteria was evaluated, by using fluorescently labeled bacteria (FLB), for phagotrophic flagellates and ciliates isolated from coastal northwest Mediterranean waters. Accumulation of FLB in protozoan food vacuoles was followed until a plateau of FLB per cell occurred; then after a 1:10 dilution of FLB with unlabeled bacteria, disappearance of FLB in food vacuoles was monitored. For both 3-to 5-,um flagellates and 10-to 40-p.m ciliates, the absolute linear slopes of FLB uptake and disappearance were nearly identical in individual experiments over a temperature range of 12 to 22°C. We inferred from these results that the leveling off of the uptake curves resulted when equilibrium between ingestion and digestion of bacteria was attained. The time to leveling off then represented the average time needed for complete digestion of the bacteria ingested at the start of the experiment, and the inverse of this time represented a bacterial digestion rate. The digestion rate increased exponentially from 12 to 22°C for both a mixed flagellate assemblage and the oligotrichous ciliate Strombidium sulcatum, with a Qlo of 2.8 for the flagellates and 2.0 for the ciliate. Although bacterial ingestion rates varied greatly, depending on protozoan cell size, total bacterial abundance, and temperature, digestion times appeared to be significantly influenced only by protozoan cell size (or type of protozoan) and by temperature. Studies to date of digestive processes in bacterivorous protozoa have for the most part concerned rates of formation and disappearance of food vacuoles in species of the hymenostome ciliates Tetrahvinyena and Parmaneciumn (6, 8) . In addition, previous studies of the processes of phagotrophy and digestion in bacterivorous protozoa have typically involved quantification of uptake and/or egestion of dye particles and glass or plastic microspheres (5, (6) (7) (8) 16 ). Use of inert dye particles and microspheres likely does not provide an optimal model for phagotrophy in all protozoa. At least some marine bacterivorous flagellates and spirotrichous ciliates take up plastic microspheres at much lower rates than they do bacteria (10, 15 We have suggested that uptake of fluorescently labeled bacteria (FLB) may be used as a sensitive assay of protozoan bacterivory (15) . Since FLB can be metabolized to support growth of flagellates and ciliates at rates similar to those on unstained bacteria, we also proposed that FLB would be a useful tool for the analysis of rates of bacterial digestion in protozoa (15) . Our preliminary experiments showed that linear uptake of FLB ceased after 10 to 30 min at room temperature (23 to 25°C) (15) . We inferred that this occurred when uptake of FLB equilibrated with digestion of FLB in the protozoa. Other workers, monitoring the ingestion of cyanobacteria and microspheres by phagotrophic protozoa, have obtained similar patterns of uptake; however, they speculated that digestion-egestion of bacteria or spheres also occurred during linear uptake (7, 16) , leading to underestimation of actual ingestion rates.
To address the potential problem of rapid digestion of bacteria in protozoan grazing assays based on uptake of FLB, we compared the rates of uptake and of disappearance of FLB in food vacuoles of both flagellates and ciliates to determine the actual time spans required for digestion of bacteria in marine phagotrophic protozoa. We analyzed bacterial digestion times over a 10°C range of temperature as well as over different concentrations of bacteria. Our study is the first of which we are aware in which digestion of bacteria has been directly analyzed in phagotrophic flagellates and spirotrichous ciliates. MATERIALS (12, 13) .
A mixed assemblage of 3-to 5-p,m colorless flagellates was cultured from 5-ptm-screened seawater amended with 11 mg of yeast extract liter-'. The flagellate culture, which attained a population density of 7 x 10' cells ml-', was dominated by ovoid monads with one short and one long flagellum and a spherical flagellate with two short flagella of equal length.
Ciliates used in the experiments included two species originally isolated from point B water and maintained on wheat grain culture by F. Rassoulzadegan: Strombidium sulcatum, a 20-by 30-,um spirotrich, and Uronema marina, an 8-by 22-,um scuticociliate. These ciliate cultures attained densities of 100 to 1,000 cells ml-'. We also cultured a mixed assemblage of phagotrophic ciliates from point B water to a density of 5 cells ml-' by holding 20 liters of 50-p,m-screened water in the laboratory for several days. The ciliate assemblage was dominated by 15- Each experiment was conducted in two 400-ml Whirl-pak bags presoaked in 10% HCl and copiously rinsed. One bag received 100 ml of protozoan culture, and the second, used for the dilution control, received 50 ml of culture. FLB prepared from cultured bacteria were inoculated into the first bag at concentrations of from 5 to 50% of the total live bacteria, precounted in the culture by using DAPI staining and epifluorescence microscopy (11) .
After the addition of FLB, 5-ml samples were taken over 1 to 4 h. Samples were fixed with a Lugol-Formalin decoloration technique, which prevented preservation-induced egestion of FLB by protozoa (16) The experimental design was modified in the case of the mixed ciliate assemblage to allow for the lower numbers of ciliates per milliliter. A 100-ml sample of ciliate culture was added to each of eight Whirl-pak bags, and FLB prepared from natural bacterioplankton were added to a final concentration of 105 ml-' to seven of the bags at the start of the experiment. Samples (50 ml) were taken from separate bags at 20-min intervals for 2 h. Then 50 ml was removed from the eighth bag, and all bags were diluted with 450 ml of 5-plmscreened seawater taken from the 20-liter carboy in which the ciliates had been cultured. At the same time, FLB were added to the eighth (control) bag to yield 104 FLB ml-1. The total 500-ml samples in each bag were sequentially preserved over a second 2-h time course. The sample in the dilution control bag was preserved after 60 min. Samples were examined for FLB per protozoan cell as described above, except that the samples were filtered onto 3-pm-pore-size Nuclepore filters because of the greater sample volume. Although the majority of ciliates in the mixed spirotrich population took up FLB, some species were never observed with ingested FLB; these species were not included in calculating FLB per cell for the mixed-ciliate experiment.
In all cases, from 30 to 80 protozoa were inspected for each time period in each experiment to determine average FLB per cell. The FLB disappearance curves were corrected for FLB uptake at the 1:10 dilution by using values of FLB per cell obtained with the dilution control samples. Slopes of increase and decrease of FLB per cell were determined via regression analysis for the linear portions of the curves for each ingestion-digestion experiment.
RESULTS
In all experiments, there was a linear rate of increase of FLB per protozoan cell to a maximum value, after which FLB per cell remained constant or showed a slight increase with time ( Fig. 1 and 2 the linear portion of the uptake curve. However, FLB per cell typically showed a leveling off toward the end of the disappearance curve ( Fig. 1 and 2 There was no significant difference in absolute rate between each pair of uptake-disappearance slopes, determined by the F test for the difference between the absolute regression coefficients (17) . The elapsed time between the addition of FLB and leveling off of the uptake curve ranged from 25 min for U. marina at 220C to 95 min for S. sulcatum at 120C (Table 1) .
Since the rates of FLB uptake and disappearance were essentially the same, the leveling off of the FLB uptake curve can be interpreted as the attainment of equilibrium between ingestion and digestion-egestion of FLB. The time from initiation of the experiment to leveling off of the uptake curve (Table 1) is thus a measure of the time required to completely process, or digest, bacterial cells within protozoan food vacuoles.
The times of duration of digestion were converted to bacterial digestion rates. These rates showed a highly significant (correlation coefficients, >0.98), exponential increase with temperature (best described by the equation y = a X e(bxx); Statpak ONEVREG program) (Fig. 3) . Two separate relationships were obtained for the mixed flagellate species and for S. sulcatum and mixed spirotrich species (Fig. 3) . The (Fig. 3) .
The per cell clearance and total bacterial ingestion rates (FLB plus unstained bacteria) calculated from the uptake slopes in each experiment are presented in Table 2 . For flagellates, clearance varied from 1.4 to 4.3 nl cell-' h-1, and bacterial ingestion varied from 5.2 to 27.4 bacteria cell-' h-1. For ciliates, clearance ranged from 57 to 413 nl cell-' h-1, and bacterial ingestion varied from 380 to 1,095 bacteria cell-' h-1. The cell clearance and ingestion rates appeared to be influenced by total bacterial abundance as well as by temperature (Table 2) , although we did not carry out sufficient separate experiments at each temperature to define these relationships.
DISCUSSION
The similarity of absolute rates of FLB uptake and disappearance found in individual experiments strongly supports the interpretation of the plateau in FLB per cell as an equilibrium between ingestion and digestion or egestion of FLB. The leveling off of the FLB uptake curve should occur at the moment at which the first FLB ingested have been completely digested, or egested, so that they are no longer visible in the protozoan food vacuoles. After this time, for every FLB taken in, another FLB which had been in the protozoan cell for the required digestion-processing time would no longer be visible, and the FLB per cell would be relatively constant so long as the protozoa maintained the same rate of feeding. The time from addition of FLB to the leveling off of the FLB uptake curve then represents the average duration of digestion of bacteria in the protozoa.
Fok and Valin (5) identified a two-phase digestive cycle in P. caudatum: a processing period, during which food contents of recently formed vacuoles are digested, and a vacuole defecation period, during which the digestive vacuoles are egested. If this model is applicable to other protozoa, then the processing period may be identified with the duration of linear FLB uptake in our experiments. For P. caudatum, few if any digestive vacuoles are egested during the processing period (4, 6) . We suggest, then, that newly ingested FLB remain in the protozoan cell for at least as long as the processing period and are egested thereafter only if they have not been completely digested by that time.
The duration of bacterial digestion, or the processing period, was on the order of tens of minutes for both flagellates and ciliates within the 10°C span of temperature investigated. In our earlier study, we found a plateau in FLB per cell after 15 min for mixed 10-to 15- (Fig. 3 ), in keeping with the general axiom that for protozoa, as for other animals, metabolic activity increases with decreasing body size (1, 2). The 25-min digestion time found for U. marina at 22°C did, however, fall approximately on the flagellate plot, even though U. Inarina had a 20-fold-larger biovolume than the flagellates (700 p.m3 compared with 35 p.m3). It is possible that strictly bacterivorous protozoa are able to degrade bacteria more rapidly compared with protozoa such as S. sulcatuim, which ingest both algae and bacteria (14) .
Digestion rate must also be affected by the nature of the ingested food. Nilsson (9) reported that a few newly ingested bacteria were lysed in Tetrahymena sp. food vacuoles within 5 min and that some bacteria remained intact after 90 min. She related this in part to differential thicknesses of the cell walls of the bacteria. Our observations that FLB per cell often showed a gradual increase after attainment of the initial plateau ( Fig. 1) and that FLB per cell did not always go to zero after dilution (Fig. 2) 
